We conducted three experiments to determine the optimal metabolizable Lys:net energy ratio for growth of beef calves. The single basal diet fed contained corn (56.1%), soybean hulls (18%), cottonseed hulls (15%), animal fat (4.25%), and corn gluten meal (5.6%). In Exp. 1, 54 steers were individually fed the basal diet at 1.5, 2.25, and 3.0 times NE m requirement; rations were top-dressed with 3.4 g of rumen-stable (RS) Met and either 0, 2, 4, 6, 8, or 12 g of RS-Lys daily. An additional 18 steers were fed the same three levels of energy and supplemented with 125 g of blood meal per steer. In Exp. 2, 68 crossbred steers were subjected to the same experimental protocol, with the exception that only the two highest levels of energy were used. Of these steers, 48 were fed individually and received the RSLys treatments; the remaining 20 steers received 125 g of blood meal per steer. No interaction ( P > .10) was detected between level of supplemental Lys and energy intake in Exp. 1 or 2. Supplementation with RS-Lys improved ( P < .01) ADG in Exp. 1, but it had no effect ( P > .10) on growth in Exp. 2. The Lys requirement estimates were 44.3 and 51.3 g/d, corresponding to maximal growth rates of 1.21 and 1.64 kg/d for the 2.25 and 3.0 times maintenance treatments, respectively. Comparing the growth rates of steers fed supplemental Lys with those of steers fed blood meal in Exp. 1 and 2 revealed an ADG advantage ( P < .03) with blood meal supplementation. To confirm the blood meal response, Exp. 3 used 75 crossbred steers fed the basal diet at 3.0 times NE m requirement plus either 3.4 g RS-Met, 3.4 g RS-Met and 12 g RS-Lys, or 125 g of blood meal per steer. Blood meal supplementation improved ( P < .01) growth of steers over those fed supplemental Met or Met plus Lys. Although a distinct relationship between amino acid requirements and energy supply may exist, Lys and Met were not first-limiting in these experiments, or selective supplementation with undegradable protein may have provided some factor that enhanced performance beyond that detected with Lys and Met alone.
Introduction
The partitioning of protein (amino acids; AA) and energy between requirements for maintenance and for deposition of protein and fat is of major importance to the nutrition of farm livestock. Interactions of protein and energy on protein deposition may be described by a model that describes the protein requirements of an animal as a ratio to energy intake, as developed by Black and Griffiths (1975) for milk-fed lambs. Extrapolation of this model to describe the AA requirements of growing pigs has been achieved (Chiba et al., 1991a,b; Lawrence et al., 1994) . The expression of AA requirements as a ratio to energy may be particularly useful for ruminant livestock, because microbial protein production is related to the intake of fermentable energy (Rohr et al., 1986; Sniffen and Robinson, 1987; Clark et al., 1992) . If AA requirements of growing beef cattle, as well as other ruminant species, are a function of energy intake, an optimal AA:energy ratio should exist. The objectives of our experiments was to determine the lysine requirement of growing beef steers and to express this as a ratio to energy intake. 
Materials and Methods

Experimental Diet and Analysis
Experimental protocols for all three trials were approved by the Missouri Animal Care and Use Committee. All steers were adapted to a 60% cornbased diet before the initiation of the experimental protocols. The steers were fed the same basal diet (Table 1 ) in all three experiments; the diet was characterized in a previous report from our laboratory (Ludden and Kerley, 1997) . Briefly, the diet was formulated to contain (DM basis) 13.25% CP, .65% Ca, .35% P, and other nutrients to meet or exceed NRC (1984) recommendations. The diet was formulated using tabular values for mineral content of feedstuffs (NRC, 1982) . Feed ingredients were chosen based on their AA profiles (Cornell Net Carbohydrate and Protein System, ver 3.0) such that the postruminal flow of AA would be low in lysine and high in methionine in an effort to maximize our ability to detect a response due to lysine supplementation. Samples of dietary components were collected weekly throughout all three experiments. These samples were dried in a forced-draft oven at 55°C for 72 h, ground (1-mm screen), and analyzed for DM and OM content (AOAC, 1984) . The N content of feedstuffs was analyzed by thermal conductivity (LECO Model FP-428 Nitrogen Determinator, LECO Corp, St. Joseph, MI). The OM and CP content of the diet for each of the three experiments is shown in Table 1 .
Experiment 1
A total of 72 large-framed Simmental-and Charlois-cross steers (average initial BW = 280 ± 5.3 kg) were used in a 42-d randomized complete block design experiment. Of the 72 steers, 54 were individually fed a basal diet (Table 1 ) at 1.5, 2.25, or 3.0 times NE m requirement. Six days prior to initiation of the study, the steers were weighed following a 24-h period without feed and assigned to treatments. The maintenance NE m requirement was computed as .077 × BW .75 using tabular values for the NE content of individual feeds in the diet (NRC, 1984) , and the steers were adapted to their assigned energy intake level for 6 d. This adaptation period was employed in an effort to minimize fill differences between the beginning and end of the trial. After the 6-d adaptation period, the steers were weighed on two consecutive days following a 22.5-h period without feed, the average of which was considered to be initial BW. Individual steer intakes were then readjusted relative to the initial BW of the steer as previously described and fixed for the remainder of the trial. Beginning on d 0, the daily ration of each steer was top-dressed with rumen-stable ( RS) lysine (Smartamine ML, RhonePoulenc Animal Nutrition) to supply either 0, 2, 4, 6, 8, or 12 g of supplemental absorbable lysine/d, resulting in a 3 × 6 factorial arrangement of treatments with three steers per treatment. Because the source of RS-lysine also contained methionine, all steers also received an additional quantity of RSmethionine (Smartamine M, Rhone-Poulenc Animal Nutrition) to supply a total of 3.4 g of absorbable methionine from the combination of the two products. The steers were housed in groups of up to eight steers per pen, with ad libitum access to water. Steers of similar weight were grouped into each pen, with the exception that no more than one energy × lysine treatment occurred in each pen. To accomplish the individual feeding, the steers were confined to a supplementation stall (.6 × 1.8 × 1.5 m ) once daily to receive their individual ration. The steers were allowed access to feed for 90 min beginning at 1330 daily, after which the steers were denied access to the feeding stalls until the subsequent day's feeding. If any feed remained in the bunk after 90 min, that feed was removed, weighed, and subtracted from the daily feed consumption for that steer. Refused feed was also examined for evidence of unconsumed RS-AA prills. Unconsumed prills were detected for only one steer in this experiment, and that steer was subsequently removed from the trial; consumption of the RS-AA was considered to be 100% of the intended dose rate for the remaining steers.
The remaining 18 steers were randomly assigned to one of three pens (six steers per pen) and fed at the same three levels of energy intake ( n = 1 pen per treatment). The quantity of basal diet delivered to each pen was considered the sum of the feed required for each individual steer relative to the treatment energy level. The daily ration for each pen was topdressed with flash-dried poultry blood meal at the rate of 125 g per steer (750 g per pen). This level of blood meal would supply additional histidine (6.8 g/d) and arginine (5.3 g/d), as well as lysine (9.9 g/d) and methionine (1.1 g/d), which were suggested as potentially limiting AA by the Cornell Net Carbohydrate and Protein System (CNCPS) in a companion paper (Ludden and Kerley, 1997) . The level of blood meal supplementation was chosen based on previous work in our laboratory (unpublished data), which suggests that the maximal growth response to supplemental blood meal occurred at that level. The steers were fed once daily immediately following the feeding of the individually fed steers and had ad libitum access to the feed through the following day's feeding.
All steers were implanted with Revalor ® -S (Hoechst-Roussel Agri-Vet, Somerville, NJ) at the initiation of the trial. The steers were weighed before feeding at d 0, 21, and 42 of the trial. Initial and final weights were calculated as the average of weights taken on two consecutive days. Blood samples (10 mL) were collected via tailhead venipuncture into heparinized Vacutainers (Becton Dickinson, Rutherford, NJ) at weighing on d 0, 21, and 42 of the study. These samples were centrifuged at 3,000 × g for 20 min within 60 min following collection of the last blood sample, and the resulting plasma was frozen ( 0°C). The plasma samples were later thawed at room temperature, deproteinized with trichloracetic acid, and analyzed for urea nitrogen content (analytical kit no. 535-A, Sigma Chemical, St. Louis, MO).
Experiment 2
A total of 68 large-framed Simmental-and Charlois-cross steers (average initial BW = 366 ± 8.1 kg) were used in a 42-d randomized complete block design experiment. Of the 68 steers, 48 were individually fed the previously described basal diet at 2.25 or 3.0 times NE m requirement. Five days prior to initiation of the study, the steers were weighed following a 24-h period without feed and assigned to treatments. The maintenance NE m requirement was computed as .077 × BW .75 using tabular values for the NE content of individual feeds in the diet (NRC, 1984) , and the steers were adapted to their assigned energy intake level for 5 d. This adaptation period was employed in an effort to minimize fill differences between the beginning and end of the trial. After the 5-d adaptation period, the steers were weighed on two consecutive days following a 22.5-h period without feed, the average of which was considered to be initial BW. Individual steer intakes were then readjusted relative to the initial BW of the steer as previously described and fixed for the remainder of the trial. Beginning on d 0, the daily ration of each steer was top-dressed with RS-lysine (Smartamine ML, RhonePoulenc Animal Nutrition) to supply either 0, 2, 4, 6, 8, or 12 g of supplemental absorbable lysine/d, resulting in a 2 × 6 factorial arrangement of treatments with four steers per treatment. Because the source of RS-lysine also contained methionine, all steers also received an additional quantity of RSmethionine (Smartamine M, Rhone-Poulenc Animal Nutrition) to supply a total of 3.4 g of absorbable methionine from the combination of the two products. The steers were housed in groups of up to eight steers per pen, with ad libitum access to water. Steers of similar weight were grouped into each pen, with the exception that no more than one energy × lysine treatment occurred in each pen. The individual feeding and handling of refused feed was accomplished in the manner described previously for Exp. 1.
The remaining 20 steers were randomly assigned to one of four pens (five steers per pen) and fed at the same two levels of energy intake ( n = 2 pens per treatment). The quantity of basal diet delivered to each pen was considered the sum of the feed required for each individual steer relative to the treatment energy level. The daily ration for each pen was also top-dressed with flash-dried poultry blood meal at the rate of 125 g per steer (625 g per pen) as in Exp. 1. The steers were fed once daily immediately following the feeding of the individually fed steers, and had ad libitum access to the feed through the following day's feeding.
All steers were implanted with Revalor-S at the initiation of the trial. The steers were weighed before feeding at d 0, 21, and 42 of the trial. Initial and final weights were calculated as the average of weights taken on two consecutive days. Blood samples (10 mL) were collected via tailhead venipuncture into heparinized Vacutainers at weighing on d 0, 21, and 42 of the study and processed as described for Exp 1.
Experiment 3
Seventy-five mixed-breed crossbred steers (average initial BW = 355 ± 1.3 kg) were used in a 42-d randomized complete block design experiment. Five days before initiation of the study, the steers were weighed following a 24-h period without feed, and the maintenance NE m requirement was computed as .077 × BW .75 using tabular values for the NE content of individual feeds in the diet (NRC, 1984) . The steers were blocked by weight, randomly assigned to one of 15 pens (five steers per pen), and fed at 3.0 times NE m requirement for 5 d. This adaptation period was employed in an effort to minimize fill differences between the beginning and end of the trial. After the 5-d adaptation period, the steers were weighed on two consecutive days following a 22.5-h period without feed, the average of which was considered to be initial BW. Individual steer intakes were then readjusted relative to the initial BW of the steer as previously described and fixed for the remainder of the trial. The quantity of basal diet delivered to each pen was considered the sum of the feed required for each individual steer, and the ration was delivered to the bunk twice daily in equal portions at 0600 and 1800 daily. Beginning on d 0, the daily ration of each pen was top-dressed with either 3.4 g of RS-methionine per steer (17 g per pen) in the form of Smartamine M, 3.4 g of RS-methionine plus 12 g of RS-lysine per steer (60 g lysine per pen) in the form of Smartamine ML (Rhone-Poulenc Animal Nutrition), or 125 g of blood meal (625 g per pen) in two equal portions at feeding. The steers were implanted with Revalor-S at the initiation of the trial. The steers were weighed before feeding at d 0 and 42 of the trial. Initial and final weights were calculated as the average of weights taken on two consecutive days.
Calculations and Statistical Analysis
The estimated supply of metabolizable AA from the basal diet (microbial and undegraded feed origins) in all three trials was calculated using the OM intake observed in this study and the linear equation generated by regressing the net disappearance of AA from the small intestine on OM intake (both in g/d) measured in a companion paper (Ludden and Kerley, 1997) . Total metabolizable lysine supply was then calculated as that supplied from the basal diet plus the treatment level of lysine used assuming 100% digestibility of the RS-lysine in the small intestine. Data for all three experiments were then analyzed by ANOVA using the GLM procedure of SAS (1989) for a randomized complete block design. In Exp. 1 and 2, the data from steers receiving blood meal (pen fed) and those fed the supplemental AA products (individually fed) were considered separately for statistical analysis. For the individually fed steers in Exp. 1, sums of squares were separated into effects of weight block, level of energy intake (expressed as a multiple of NE m requirement; NRC, 1984), level of supplemental RS-lysine, and the energy level × RS-lysine level interaction. Effects were considered significant at P < .05 unless otherwise stated. The data of Exp. 2 were analyzed in a similar manner as in Exp. 1, but because differences ( P < .05) in initial BW across supplemental lysine treatments were detected, the analysis of variance included initial BW as a covariate rather than the effects of weight block. Therefore, the data presented in Tables 4 and 5 represent initial BWadjusted least squares means. When a significant Ftest was detected in Exp. 1 or 2, sums of squares were further separated into single degree of freedom orthogonal contrasts to discern linear and quadratic effects of level of energy or supplemental lysine intake using the CONTRAST statement of SAS (1989). Contrast coefficients for the unequal spacing of treatments were calculated as described by Carmer and Seif (1963) . Individual animal observations in Exp. 1 were further analyzed using breakpoint analysis (Robbins, 1986) to determine the metabolizable lysine requirement at each of the three levels of energy intake. Because no clear breakpoint could be computed for calves fed at 1.5 times maintenance, the simple linear regression line of metabolizable lysine supply and average daily gain was computed using the REG procedure of SAS (1989) for illustration in Figure 1 . Because no effect ( P > .10) of supplemental lysine was detected, no breakpoint analysis was conducted for the data of Exp. 2. Experiment 3 was analyzed by ANOVA using the GLM procedures of SAS (1989) for a randomized complete block design. Sums of squares were separated into effects of weight block and supplemental treatment. Effects were considered significant at P < .05 unless otherwise stated. When a significant F-test was detected, least squares means were separated using LSD.
Results
Because no interaction ( P > .10) between level of energy or lysine was detected in Exp. 1, the main effects of supplemental RS-lysine on growth of steers are presented in Table 2 . As intended, the calculated supply of metabolizable lysine increased linearly ( P < .0001) with increasing level of lysine supplementation. Increasing the supply of metabolizable lysine improved ( P < .009) average daily gain; the maximum growth rate was observed for the 8-g RS-lysine treatment. Because feed intake was fixed and did not differ ( P > .10) across treatments, efficiency of growth (expressed as either gain/feed or feed conversion) also improved in a linear ( P < .008) fashion in response to increasing metabolizable lysine supply. Supplementation with RS-AA did not affect ( P > .10) plasma urea N concentrations at d 21 or 42 of the trial. The main effects of energy intake in Exp. 1 (Table 3 ) demonstrated linear ( P < .002) improvements in final BW, calculated metabolizable lysine supply, average daily gain, and efficiency as energy intake increased from 1.5 to 3.0 times maintenance. Figure 1 illustrates the relationship between metabolizable lysine supply and growth rate with respect to increasing energy intake for the data of Exp. 1. No clear breakpoint could be computed at the 1.5 times maintenance level of energy intake, most likely due to an insufficient number of observations near the plateau in the response curve. Therefore, the growth response to increasing metabolizable lysine supply is illustrated as a simple linear regression line (r 2 = .32) in Figure 1 . Breakpoint analysis of the data from steers fed at 2.25 times maintenance exhibited a break ( r 2 = .52) at 44.3 g metabolizable lysine per day, corresponding to a maximal average daily gain of 1.21 kg/d. Increasing energy intake to 3.0 times As was shown for Exp. 1, no interaction ( P > .10) between level of energy or lysine was detected in Exp. 2. Due to variation in the initial weights of the calves used in this study, differences ( P < .05) in initial body weight were detected across levels of supplemental lysine (Table 4) . Therefore, the data of Exp. 2 were adjusted using initial BW as a covariate in the model. Even though the total supply of metabolizable lysine increased linearly ( P = .0001) with increasing level of lysine supplementation, increasing lysine supply had no effect ( P > .10) on gain or efficiency of steers in Exp. 2. Increasing the energy supply from 2.25 to 3.0 times maintenance increased ( P = .0001) growth rate of the steers (Table 5 ) but did not affect ( P > .10) gain:feed or feed:gain ratios. Likewise, no differences ( P > .10) were noted in plasma urea N content at d 21 or 42 of the experiment. Even though the steers in Exp. 1 exhibited increased growth in response to supplementation with increasing levels of RS-lysine, the growth rate of steers fed RS-AA (mean = 1.06 kg/d) was lower than that observed for those supplemented with 125 g blood meal daily (1.43 kg/d). Likewise, the growth rate of steers fed RS-lysine in Exp. 2 (mean = 1.67 kg/d) was lower than that observed for those supplemented with blood meal (1.99 kg/d).
Experiment 3 was conducted to further verify the response due to blood meal supplementation observed in Exp. 1 and 2. Supplementation with 125 g of blood meal daily resulted in a substantial ( P < .01) increase in average daily gain over steers fed the control or lysine supplements (Table 6 ). Because all steers in this experiment were fed at 3.0 times maintenance, the increased growth response was manifested in improved ( P < .01) efficiency as well. Figure 2 represents the computed supplies of AA compared with factorially derived AA requirements for the data of Exp. 3. Factorial estimates of AA required were calculated using the Cornell Net Carbohydrate and Protein System (CNCPS; ver. 3.0) for the BW, feed intake, management, and growth rates observed in Exp. 3. Amino acid supply was then expressed as a percentage of the computed requirement for comparison across treatments. In all cases, arginine was suggested as the first-limiting AA in the basal diet, followed by methionine, lysine, histidine, and threonine. Supplementation with 3.4 g/d of methionine to the basal diet promoted lysine to the second-limiting AA. Addition of methionine and lysine to the basal diet resulted in histidine becoming the second-limiting AA. Further supplementation with arginine and histidine in the form of blood meal improved the profile of AA presented, thereby permitting the increase in growth observed for that treatment. The consistent degree of arginine limitation (range of 95 to 99% of requirement across treatments) suggests that arginine was the first-limiting nutrient for growth when this diet was fed.
Discussion
Amino acid nutrition in the ruminant is inextricably involved in the digestion and metabolism of energy, and as such the role of energy metabolism is not merely influential but central to the understanding of the AA status of the animal (Asplund, 1994) . Amino acids are not only building blocks for protein synthesis, but they can also serve as a source of metabolic energy, and their use by the animal for incorporation into tissue proteins takes place only if the energy needs of the animal are met. For this reason, the interrelationships between protein or AA and energy metabolism in ruminants has been discussed in depth in several recent reviews (Harris and Lobley, 1991; Lobley, 1992; Kelly et al., 1993) .
The interaction of protein and energy on protein deposition can be described by construction of a model that simulates responses to both energy and protein (Ørskov, 1992) . This model essentially is best described by a family of curves, of which the maximal response is determined by the energy intake of the animal. The exact shape of the curves will depend on the propensity of the animal to deposit lean tissue, which is determined by stage of maturity of the animal, sex, genotype, addition of growth promotants, and other factors. However, the general principle is of an increase in protein accretion with increasing energy intake. Such a model has been experimentally demonstrated by Black and Griffiths (1975) for growing lambs. These authors noted that the relationship between protein deposition and intake of protein and energy had two phases: 1 ) a linear, proteindependent phase and 2 ) a horizontal, energy-dependent phase. When a lamb of a given live weight was given increasing amounts of protein at a constant energy intake, protein deposition increased linearly until the point at which the supply of energy constrained any further increase in protein deposition. Additional dietary protein failed to produce any further increase in protein accretion, until energy intake was increased. An increase in energy intake resulted in a higher plateau in N balance and, thus, a greater overall response in protein deposition. By determining the point of maximal protein deposition Figure 2. Prediction of limiting amino acids for growth of steers in Exp. 3. Graphs (top to bottom) illustrate the 3.4 g Met, 3.4 g Met + 12 g Lys, and 125 g blood meal treatments, respectively. Reqt = dietary requirement.
at several levels of energy intake, a response plane (slope) could be computed that represented the optimal protein:energy ratio for growth of the lamb. Thus, the protein required by a given lamb could readily be computed from knowledge of energy intake of the lamb.
The idea of an optimal protein:energy ratio has also been recently extrapolated to describe the AA (lysine) requirements of growing pigs. Chiba et al. (1991a,b) demonstrated that weight gain and protein deposition for 20-to 50-kg pigs were maximized at approximately 3.0 g of lysine/Mcal DE. Lawrence et al. (1994) also demonstrated that weight gain, N retention, protein gain, and urinary N excretion were all optimized at approximately 3.0 g lysine/Mcal DE. Our series of experiments seem to represent the first attempt at describing the AA requirements of growing calves in this manner. Even though considerable residual variation exists, the relationship illustrated in Figure 1 clearly demonstrates that the AA (lysine) requirements of growing calves are related to the energy intake and subsequent growth rate. Therefore, describing the AA requirements of growing calves as a ratio to energy intake above maintenance seems valid. In the previous section, we computed the optimum lysine to energy ratios from the data shown in Figure  2 . However, the observation that calves supplemented with blood meal exhibited greater growth than those given supplemental lysine suggests that the computed ratios may be an underestimation, and it will require refinement before their adoption in practical diet formulation.
The data of Figure 2 also suggest that microbial protein (lysine) supply increased with increasing feed intake and subsequent growth of the calf. In most cases, however, the supply of microbial protein becomes insufficient to meet the needs of the animal as productivity increases. Even though we were not able to detect a change in passage rates with increasing intake of the same basal diet in a companion paper (Ludden and Kerley, 1997) , restricting access to feed for 90 min each day may have increased ruminal dilution rates more so than that observed in our flow measurements. If restricting intake did increase dilution rates significantly, microbial efficiency may have improved sufficiently to explain the response (Meng et al., 1995) . The resulting increase in microbial protein supplied would then explain why lower levels of lysine supplementation were required to maximize growth with higher levels of intake. Campbell (1988) has suggested that because of their inherently low appetite in comparison with other species, ruminant livestock probably never consume sufficient energy to fully express their genetic potential for lean tissue growth. This idea has formed the basis for gain prediction equations based on the NE intake of growing cattle (NRC, 1984 (NRC, , 1996 . Therefore, the probability that protein deposition is a linear function of energy intake should hold true for most ruminant livestock. However, the influence of ruminal microbes on the energy and protein metabolism of the ruminant may render the experimental determination of the optimum protein or AA:energy ratio for growth in ruminant species difficult. Even though the range of energy intakes for the ruminant animal is considerably larger than for nonruminant livestock, the opposite is true of the supply of protein. The supply of protein presented to ruminants is highly dependent on the fermentation of energy by rumen microflora, which makes devising treatment regimens encompassing a wide range of protein or AA:energy ratios difficult. Clearly, this represented a challenge in the present study, preventing the determination of a breakpoint at the 1.5 times maintenance level of energy intake in Exp. 1.
The observation that steers supplemented with 125 g of blood meal in all three experiments reported here exhibited higher growth rates than any of the steers fed RS-AA further demonstrates the difficulty in devising a treatment regimen to determine an optimum lysine:energy ratio. The increased growth that occurred by providing a profile of supplemental AA, rather than methionine or lysine alone, suggests the limitation of an AA other than those supplemented in RS form. The ability to detect a response due to AA supplementation in Exp. 1 compared to no benefit in Exp. 2 further suggested that several AA, including lysine, readily became co-limiting for growth. Other laboratories have noted similar difficulties in determining the AA requirements of growing calves. Titgemeyer et al. (1988) examined the AA requirements of 313-kg steers fed a 75% corn-based diet, which produced gains exceeding 1 kg/d. Changes in plasma AA profiles in response to lysine and methionine infusion suggested that growth of calves was first-limited by the supply of metabolizable lysine. Because no response was detected due to methionine infusion, either in the presence or absence of lysine infusion, the basal flow of methionine was at or above requirements. In contrast, neither methionine nor lysine was limiting when an 80% corn silage-based diet was fed. Later research in the same laboratory (Titgemeyer and Merchen, 1990 ) demonstrated a response in N retention to methionine infusion, but a greater response was achieved with infusion of either casein or a combination of AA simulating casein.
The improved response to blood meal supplementation in our research may also have been related to the form in which AA were supplied to the small intestine. Even though we have no data to support such a conclusion, presentation of AA in the form of peptides or intact proteins may have improved the energetic efficiency of AA transport and(or) gut metabolism, thereby resulting in conservation of energy for growth. If this indeed occurred in our study, such alterations in energetic efficiency must be considered when predicting the expected response to supplementation of AA in rumen-stable form.
The suggestion that arginine was the first-limiting AA when the basal diet was fed was somewhat unexpected (Figure 2 ). Because arginine is synthesized as an intermediate in the urea cycle, we originally speculated that the CNCPS overestimated the arginine need when this basal diet was fed. This could easily result from adoption of an efficiency of utilization of arginine that was too low in the model. This is supported by the factorial AA system of Hutton and Annison (1972) , who assigned different efficiencies for each of the individual AA, based on data obtained for pigs. The efficiency of arginine use exceeded 200% in their system, suggesting substantial synthesis of arginine by body tissues. The entry of hepatically derived arginine into the bloodstream is limited by the high arginase activity of the liver, such that arginine requirements often exceed the capacity of ruminants to synthesize arginine (Egan et al., 1970; Featherston et al., 1973) . This suggests that the hepatic degradation rate for arginine is high enough to counteract the high rate of arginine synthesis that occurs in the liver, thereby preventing the dumping of de novo synthesized arginine into the blood for use by extrahepatic tissues. This is confirmed by the work of Tao et al. (1974) , who found that despite the large quantities of arginine that are synthesized in the liver as part of the urea cycle, arginine did not reach the bloodstream in sufficient quantities to meet the needs of other tissues. Koenig et al. (1982) and Davenport et al. (1990) further demonstrated improvements in N retention and decreases in plasma lysine, methionine, threonine, histidine, and phenylalanine concentrations of beef heifers in response to abomasal infusions of arginine. The consistent degree to which arginine was indicated to be limiting by the CNCPS in the present study (95, 99, and 97% of requirement) further supports the suggestion of an arginine limitation. If AA other than lysine and methionine indeed become first-limiting, correcting the AA profile reaching the duodenum through supplementation with RS-AA may require the use of AA products other than methionine and lysine. Selective supplementation with protein sources resistant to ruminal degradation (such as blood meal) may be particularly useful in this situation, but only if these protein sources provide the AA that are limiting growth.
The secondary metabolism of arginine can also have considerable nutritional significance. Recent research indicates a role of arginine in polyamine synthesis, which has been shown to be essential for normal growth and development of living organisms, via regulation of RNA synthesis and stabilization of membrane structure (Buttery and D'Mello, 1994) . These authors further suggest that the excess uptake of arginine by the mammary gland may reflect the need for polyamine synthesis by tissues actively involved in milk protein synthesis. Arginine is also involved in the synthesis of nitric oxide, which is involved in the regulation of gut motility and other physiological functions (Moncada et al., 1991) . Arginine may also become important under conditions of protein excess or AA imbalance, which may require a significant quantity of arginine to serve as precursors for intermediates in the urea cycle. Additionally, the continued focus on development of RS-lysine products has the potential to result in the overfeeding of lysine, which could manifest itself as an antagonism between lysine and arginine. Additional research directed at increasing our understanding of the role of arginine in protein and energy metabolism of ruminants is clearly needed.
The inability to detect a response due to AA supplementation in Exp. 2 may have also been related to the higher BW of the steers used in that experiment. Black et al. (1973) determined that BW had a significant impact on the optimal protein:energy ratio for growing lambs, and subsequent research in the same laboratory (Black and Griffiths, 1975) demonstrated that the optimal protein:energy ratio decreased as BW increased up to approximately 50 kg, very similar to that determined for growing pigs. Research with pigs has demonstrated that the optimal protein:energy ratio decreases with increases in BW, but it seems appropriate for pigs under 50 kg BW (CSIRO, 1987; Campbell, 1988) . If energy intake exceeds that required for maximal protein deposition, as would be the case with pigs greater than 50 to 70 kg, the linear relationship between energy intake and protein deposition does not hold true (CSIRO, 1987; Campbell, 1988) . This is due to the decrease in the proportional deposition of protein as the animal approaches mature BW (Black et al., 1986) , and, thus, increases in energy intake can dramatically increase the ratio of fat:lean tissue deposition. Therefore, expression of protein requirements as a ratio to energy is valid only if protein deposition is a linear function of energy intake. Even though the observed increase in growth associated with blood meal supplementation clearly suggest that such a threshold had not been exceeded in the current study, the BW at which the optimum protein or AA to energy ratio becomes horizontal remains to be determined.
Clearly, AA requirements should be dynamic in that they respond to variations in environment, genetics (breed), and feed or energy intake, as well as body weight and growth. The use of factorial systems of metabolizable protein or AA requirement estimation, such as the Cornell Net Carbohydrate and Protein System (Fox et al., 1992; O'Connor et al., 1993 ) or NRC (1996 , afford such flexibility. Even though much more flexible than empirically derived AA requirement estimates, the experimental basis behind key components of the model is limited. This is especially the case with the efficiency of utilization values adopted by these systems. It is easy to make comments of a conceptual nature about factors that may influence this efficiency, yet supporting these statements with experimental data on productive ruminants is difficult. As suggested by Oldham (1984) , one might also expect the efficiency of AA use to vary with the balance of absorbed AA, total AA supply relative to demand for AA in protein synthesis, the plane of nutrition (energy supply), and so on. Heger and Frydrych (1989) also suggest that the efficiency of AA use varies with individual AA, due to differences in the rate of degradation of individual AA. This is particularly relevant to the CNCPS and NRC (1996) systems, which assign the same efficiency of utilization for growth to all essential AA equally, based on the efficiency of utilization of metabolizable protein. Clearly, it will be difficult, if not impossible, to experimentally define the appropriate efficiency of AA utilization coefficients for a typical production setting. Nonetheless, this coefficient is a critical component of any factorial requirement system, having a dramatic influence on the estimated absorbable requirement.
Increasing our understanding of the interactions of protein and energy in ruminants may prove particularly useful in determining the expected response to supplemental ruminally undegradable protein or protected AA. Ørskov (1977) presents an elegant explanation of the effects of altering the net AA-N: metabolizable energy ratio presented to growing ruminants. Most of these responses in growing calves or lambs are in relation to a change in the composition of gain, with maximal lean growth occurring only when protein and energy supplies are in perfect balance (Black, 1974; Garrett, 1977; Black, 1988) . Examination of the ratio of protein and energy may especially be useful for predicting the expected lactational response to escape protein supplementation in dairy cattle (Ørskov, 1980; Oldham, 1994) .
Implications
Even though the results of this study qualitatively demonstrate the relationship between lysine and energy requirements, the quantitative values determined in the present research cannot represent an absolute lysine:energy ratio for growth. If amino acids other than lysine and methionine become firstlimiting, correcting the amino acid profile reaching the duodenum through supplementation with rumenstable amino acids may require the use of amino acid products other than methionine and lysine. Selective supplementation with protein sources resistant to ruminal degradation may be particularly useful, but only if these protein sources provide the amino acids that are limiting growth. The continued development of factorial systems of amino acid requirement estimation holds considerable promise but will require significant refinement, especially in the area of efficiency of amino acid utilization.
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